Abstract: MIMO techniques using multiple antennas for improving communication capacity per unit frequency have been introduced. However, when multiple antennas are arranged in close proximity, the throughput is reduced because of the strong coupling between antennas, which causes low antenna efficiency. In this paper, to solve this problem, we propose a new decoupling method that uses a branch shape element instead of a susceptance circuit between antennas. A two-element MIMO antenna array in close proximity that uses this proposed method is presented. The coupling value S 12 and matching value S 11 of the S-parameters can be obtained at less than −10 dB in this MIMO antenna array.
Introduction
Recently, MIMO techniques that communicate over the same frequency and use multiple antennas have been introduced. If antenna arrays can be arranged close together in one place, it is possible to reduce the required area for the antennas. However, when antenna arrays are arranged in close proximity, strong coupling occurs between antennas, antenna efficiency decreases, and throughput is reduced.
Therefore, several decoupling methods have been studied. The most popular method is to connect antennas via lines or circuits. A decoupling method that uses phase shifters and matching circuits in both feed points, which are connected via susceptance circuit, is proposed [1] . This technique was further developed to create a decoupling method that corresponds to multiple frequencies using a susceptance circuit and a matching circuit without phase shifters [2] . In this paper, a new decoupling method that does not use phase shifters and does not connect feed points is realized by using branch shape element arrays [3] .
Two analysis models of antenna arrays are shown in Section 2. A conventional approach is analyzed, and equivalent electrical lengths of antenna elements are derived in Section 3. The branch shape element array is derived in Section 4. Section 5 presents conclusions based on this research. Fig. 1(a) is a conventional monopole array with a susceptance circuit. Fig. 1(b) is a proposed branch shape element array without a susceptance circuit. Both antenna arrays are implemented on a 100 Â 50 Â 0:8 mm one-side 1.8-um copper plate FR4 substrate. The maximum size of an antenna element is 32 Â 4 mm, and the closest interval is 2 mm. The shape and the circuit configuration are line symmetrical. A susceptance circuit is placed between feed points as necessary in Fig. 1(a) . The desired frequency is 2 GHz. The matching value S 11 of the S-parameter is designed to be less than −10 dB at 2 GHz.
Analysis models

Analysis of conventional decoupling method with susceptance circuit
The monopole array with a susceptance circuit between feed points, as shown in Fig. 1(a) , is discussed in this section. The condition of decoupling is when the jY 12 j in the admittance matrix is zero at the desired frequency [1] . 
Design method of decoupling
ReðY 12 Þ and ImðY 12 Þ of the monopole array in Fig. 1 (a) are shown in Fig. 2 
(a).
The frequency of ReðY 12 Þ, which has a large negative value, and the frequency of ImðY 12 Þ, which has changed from a negative to positive value as low frequency changes to high frequency, are present at 1.5 GHz. This frequency is defined as the resonant frequency of Y 12 . The resonant frequencies of Y 12 are indicated by arrows in Fig. 2 
(a) and (b).
ReðY 12 Þ has a large negative value at a resonance frequency of 1.5 GHz, and its resonance frequency was avoided at 2 GHz by changing the monopole length. Therefore, ReðY 12 Þ can be considered to be almost 0 mS at 2 GHz. Regarding ImðY 12 Þ, a capacitor of 1.0 pF is placed between feed points. At 2 GHz, the susceptance value of ImðY 12 Þ of the monopole array is close to the susceptance value of 1.0 pF. Therefore, the susceptance value of the monopole array can be cancelled each other, and ImðY 12 Þ ¼ 0 is obtained. ReðY 12 Þ, ImðY 12 Þ, and jY 12 j of the monopole array with a capacitor are shown in Fig. 2(b) . Therefore, the decoupling condition of jY 12 j % 0 can be obtained at a desired frequency of 2 GHz. The frequency that satisfies the decoupling condition is defined as the decoupling frequency. It is indicated by an arrow in Fig. 2(b) .
Analysis of decoupling method using equivalent electrical length
The resonance frequency of the monopole array is 1.5 GHz in Fig. 2(a) , and the resonance frequency of the monopole array with a capacitor is 1.3 and 2.3 GHz in Fig. 2(b) . By adding a capacitor, the resonance frequency is shifted slightly from 1.5 GHz to 1.3 GHz, and the number of resonance frequencies increases to two.
Assumed equivalent electrical lengths of monopole arrays are shown in Fig. 2(c) and (d) . Fig. 2(c) corresponds to the monopole array in Fig. 2(a) , and Fig. 2(d) corresponds to the monopole array with a capacitor in Fig. 2(b) . The current flow through the feeding antenna element and the other antenna element are shown in Fig. 2(d) . It is assumed that the equivalent electrical length of the other antenna element is shorter than that of the feeding antenna element. This is because the equivalent electrical length of the other antenna element is shortened by using a capacitor. These two equivalent electrical lengths correspond to the two resonance frequencies of Y 12 in Fig. 2(b) . On the other hand, there is a frequency at which ReðY 12 Þ and ImðY 12 Þ become approximately 0 mS. This frequency, 2 GHz, is sandwiched between the resonance frequencies. Therefore, both ReðY 12 Þ and ImðY 12 Þ can be close to 0 mS at 2 GHz, and jY 12 j % 0 is obtained.
Proposed decoupling method using branch shape element array
In this section, the branch shape element array of Fig. 1(b) is mentioned. The shape of this array is conceived from the shape of the equivalent electrical length in Fig. 2(d) . Therefore, the monopole array of Fig. 1(a) is replaced with a branch shape element array that has two branches of different length in one element. The length of the long branches is fixed at 32 mm, which is the same monopole element length of Fig. 1(a) . The length of the short branches varies in the range of 20 AE 5 mm at 1 mm intervals. ReðY 12 Þ and ImðY 12 Þ are shown in Fig. 3(a) and (b) whose calculation results of all parameters are written. ReðY 12 Þ and ImðY 12 Þ have two resonance frequencies each. The resonance frequencies of Y 12 in the low and high bands, and the decoupling frequency, are shown in Fig. 3(c) . A lower resonance frequency of 1.6 GHz is located near 1.5 GHz of the monopole array's resonance in Fig. 2(a) . A higher resonance frequency occurs in the range of 1.7 to 2.8 GHz via the length of short branch. This occurs because the lower resonance frequency is caused by the long branch, and higher resonance is caused by the short branch. When the short branch lengths are set at 20 mm, jY 12 j ¼ 0 is obtained at 2 GHz in this branch shape element array. In this case, ReðY 12 Þ and ImðY 12 Þ are indicated by the solid line in Fig. 3(a) and (b) . Y 12 has two resonance frequencies that sandwich the desired frequency of 2 GHz. This characteristic is the same as the monopole array with a capacitor shown in Fig. 2(b) . The use of the branch shape elements allows to realize a decoupling antenna array without connecting feeding points via a susceptance circuit. The S-parameters of the branch shape element array, which has a 20-mm short branch and 2 GHz matching circuits, are shown in Fig. 3(d) . In the proposed branch shape element array of Fig. 1(b) , the coupling S 12 is −16.3 dB when S 11 is −13.5 dB. This coupling is 11.2 dB lower than that of the monopole array without decoupling that is shown in Fig. 1(a) . As a result of this coupling reduction technique, antenna efficiency is 0.8 dB higher than that of the monopole array. From these results, creating a decoupling effect using branch shape elements is confirmed.
Conclusion
In this paper, a method for removing the coupling between two antenna elements using a branch shape element array was proposed. First, the operating principle of the conventional decoupling method that uses a monopole array and capacitor between feed points was analyzed. In this monopole array, the opposite element via the capacitor is regarded as shorter than the original monopole element from the point of view of the equivalent electrical length. Therefore, the monopole array can be replaced with a branch shape element array of different length. Thus, a new decoupling method that uses a branch shape element array without connecting feed points was realized. S 12 of the branch shape antenna is 8.7 dB lower than that of the monopole array without decoupling, which is shown in Fig. 1(a) , and antenna efficiency increases by 0.8 dB. This proposed decoupling method has a merit and allows the omitting of electrical components such as susceptance circuits and wires between antennas.
